are explored by comparing the current data set with two published reviews of previous data obtained primarily in the 1980s. These historical comparisons suggest average indoor concentrations of some toxic air contaminants, such as 1,1,1-trichloroethane have decreased.
Introduction
Consideration of indoor exposures to air pollutants is critical to accurate assessments of the health risks associated with these chemicals because people spend a large fraction of their time indoors where concentrations of many airborne pollutants often tend to exceed ambient levels.
A California statewide activity pattern survey conducted in 1987-88 showed that individuals spent, on average, 87% of their time indoors (Jenkins et al., 1992) . This was broken down into 65% of the time spent in a residence and 21% of the time spent in other indoor locations. The National Human Activity Pattern Survey conducted in 1992-94 produced similar results (Klepeis et al., 2001) . Again, the mean percentage of time spent indoors was 87%. This was broken down into 69% of time spent in a residence and 18% of the time spent in other indoor locations.
It is widely recognized that airborne concentrations of many toxic volatile organic compounds (VOCs) in residences, office buildings and some other indoor environments are higher than concentrations in outdoor air (e.g., Pellizzari et al., 1986; Wallace, 1987; Daisey et al., 1994) . This occurs in part because there are numerous indoor sources of VOCs and because the relatively low rates of outdoor air ventilation typically used in residences and offices prevent the rapid dispersal of airborne contaminants. The many consumer products that are used in residences and offices contain and emit numerous VOCs. Such products include cleaners, air fresheners, and insect repellents. Combustion processes, in particular smoking, are indoor sources of complex mixtures of VOCs. Attached garages are a potential source of gasoline vapors due to evaporative and exhaust emissions. Materials and products used in new construction, remodeling, and redecorating are other major contributors to indoor VOC concentrations in residences and offices.
In the U.S. and elsewhere, the decade since 1990 has witnessed increased concern about the environmental consequences and adverse health effects of air pollution. Most significantly, the U.S. 1990 Clean Air Act (CAA) Amendments established Federal and State programs to regulate the emissions of a large number of air pollutants that can cause cancer, reproductive harm, other serious illnesses as well as environmental damage. These are classified as hazardous air 2 pollutants (HAPs). A list of 189 HAPs was included in the 1990 CAA, and the U.S.
Environmental Protection Agency (EPA) was given authority to add new chemicals to the list or to remove chemicals (U.S. EPA, 1994) . Source categories also were defined. Both large and small area sources are regulated and now must reduce their emissions of HAPs through curtailment and the use of control technologies. Cleaner fuels and engines have been mandated to reduce emissions of HAPs from mobile sources. In 1998, the EPA promulgated national VOC emissions standards for certain categories of consumer products as authorized under a section of the 1990 CAA. It is possible that concentrations of some HAPs to which people are exposed in buildings have been reduced due to reductions in outdoor air pollution and reformulation of materials and products.
Indoor VOC data from about 1978 through 1990 were summarized in several reviews. In the late 1980's, Shah and Singh (1988) updated and analyzed a VOC database for the U.S. Most of the available measurements of VOCs in ambient air and in residential and commercial buildings were gathered, with data accepted in all forms. The final database included 66 VOCs measured indoors. Average, median and upper and lower quartile concentrations were presented for 35 indoor VOCs. Brown et al. (1994) reviewed the literature and summarized the data on the concentrations of VOCs measured indoors in different categories of buildings (i.e., residences, offices, schools and hospitals). These included measurements reported in 50 studies, primarily in North America and northern Europe. Data were obtained for 90 VOCs occurring in residences.
Considerably fewer data were available for the other building types. Holcomb and Seabrook (1995) compiled the data from 30 studies of houses and public places in North America and the United Kingdom, all conducted prior to 1990. Average concentrations were presented by environment for 18 of the 85 identified VOCs.
In this paper, we have compiled and summarized the data on the central tendency and upper limit indoor VOC concentrations measured from 1990 through the present. We have focused exclusively on measurements made in North America. Much of the available data are from studies of residences. Data from existing (i.e., not newly constructed) residences, new residences 3 and primarily large office buildings are separately treated. VOC concentrations in other environments such as small offices, schools, retail stores and health care facilities generally have not been characterized and are not included. We also have not attempted to summarize indoor/outdoor concentration ratios. Our primary objective is to generate a database of typical and maximum VOC concentrations that can be used by others as a comparative basis for evaluating measured concentrations.
In a companion paper (Hodgson and Levin, In preparation), we assess the VOC concentrations in residences and office buildings summarized herein with respect to odor thresholds, derived sensory irritation levels for the general population and non-cancer chronic health risks. Our objective there is to identify VOCs that are most likely to result in comfort and/or health concerns and, therefore, that should be included in investigations of indoor air quality.
Methods
For this review, VOCs were broadly defined as chemical compounds based on carbon chains or rings with vapor pressures greater than ~0.01 millimeters of mercury at room temperature.
Carbon monoxide, carbon dioxide, carbonic acid, metallic carbides, carbonate salts, and C 1 -C 3 hydrocarbons were excluded.
Papers were gathered from the scientific journal literature with several exceptions. Papers were sought that reported measurements made in North American residences, both new and existing, and office buildings from 1990 through the present. Only cross-sectional studies that investigated five or more buildings were considered. Investigations of unusual environments or pollutant sources were excluded. One important probability-based study of residences was obtained as an agency report (Sheldon et al., 1991) . A probability-based study of office buildings was obtained from the proceedings of an international conference (Girman et al., 1999 et al., 1995 and 1996; Mukerjee et al., 1997) in which the data were segmented (i.e., smoking and non-smoking residences or spring and summer seasons), GM concentrations weighted by the numbers of housing units in each segment were calculated for the entire study as described by Brown et al. (1994) .
Only two studies of new residences encompassing 20 single-family houses were identified.
The measurements were made within the first six months after the houses were completed. For one study (Hodgson et al., 2000) , GM concentrations and ranges were presented for manufactured and site-built houses. GMs were summarized as weighted averages. For the other study (Lindstrom et al., 1995) , all of the individual concentration measurements for pre-and post-occupancy phases were presented. These data were combined and summarized as GMs.
The office building data were used as reported. For one study (Girman et al., 1999) , the median and 95 th percentile values were extracted from a Log-scale plot.
Limited data editing was performed. Environmental tobacco smoke specific compounds (e.g., 3-ethenylpyridine and nicotine) reported by two studies (Heavner et al., 1995 and 1996) were excluded. Mukerjee et al. (1997) reported data for 70 volatile and very volatile, predominantly hydrocarbon compounds. Twenty-five of these were included; many very volatile compounds, compounds with low occurrence, and branched alkane hydrocarbon isomers generally were excluded. Van Winkle et al. (2001) reported data for 37 volatile and very volatile compounds. Only the 17 ubiquitous and often-found VOCs were included. Acrolein data reported by Lindstrom et al. (1995) were excluded as the method used likely underestimated the mass of this compound (Tejada, 1986 ).
All reported data were entered into a relational database (Microsoft Access). Concentrations given as mass per unit volume, i.e., µg m -3 (the majority of studies) were converted to molar volume concentrations (ppb) assuming a normal indoor temperature of 25 o C (298 o K) and one atmosphere pressure (101 kPa). This conversion facilitates the inter-comparison of compounds with respect to health effects. Data summaries for individual studies were prepared as described above. In the tables, the compounds are grouped into 16 chemical classes and then, within each class, listed by decreasing volatility as indicated by boiling point. Central tendency data for existing residences were reported for 57 VOCs. These data are summarized in Table 5 , which lists reported GM, median, and average concentrations. For compounds with data from two or more studies, a best estimate of central tendency is calculated as the unweighted GM of reported GM and median concentrations, with the GM selected to represent a study if both statistics were reported. All of the central tendency measures for 36 of the VOCs (63%) were less than 1 ppb. These included the HAPs, n-hexane, 1,3-butadiene, styrene, isopropylbenzene (cumene), naphthalene, vinyl chloride, chloroform, carbon tetrachloride, trichloroethene, and 1,4-dioxane.
Results
Upper concentration ranges for existing residences were reported for 48 VOCs. These data are summarized in Geometric mean and maximum concentration data from the two studies of new single-family houses are presented in Table 7 . Data were reported for 69 VOCs. VOC concentrations reported by both studies are summarized as unweighted GMs. For 25 compounds (36%), their GM concentrations were less than 1 ppb. These included all nine halogenated compounds. VOCs with maximum concentrations of 50 ppb or more in the new houses included acetic acid, formaldehyde, acetaldehyde, hexanal, toluene, ethylene glycol, 1,2-propanediol, 2-propanone, and α-pinene.
Central tendency (GMs or medians) and maximum concentration data from the three studies of office buildings are presented in Table 8 . Data were reported for 67 VOCs. VOC concentrations reported by multiple studies were summarized as unweighted GMs. For 31 compounds (46%), their central tendency values were less than 1 ppb. These included the HAPs, n-hexane, ethylbenzene, o-xylene, styrene, 1,4-dichlorobenzene, dichloromethane, and tetrachloroethene. For nine of the VOCs, including the HAPs, 1,2,4-trichlorobenzene, carbon tetrachloride, and chlorobenzene, the maximum concentrations also were less than 1 ppb. VOCs with maximum concentrations of 50 ppb or more in the office buildings included ethanol, 2-propanol, n-octane, toluene, dichloromethane, 1,1,1-trichloroethane, and 2-propanone.
Discussion

Data Limitations
Published data are available for only a fraction of the VOCs that are known or suspected to occur in indoor air. The uncharacterized VOCs likely include a number of compounds important with 7 respect to human health, sensory irritation and odor that have not been measured because they are inadequately collected or analyzed by conventional methods (Wolkoff et al., 1997; Wolkoff and Nielsen, 2001 ).
Several important indoor environments are inadequately represented. In particular, there were almost no published data available for small office buildings where the majority of office workers are located, schools, retail stores, other non-office commercial environments, and institutionalized housing.
The estimates of central tendency and upper limit concentrations may not be representative.
Some of the studies were conducted in the early 1990's and may not represent current levels.
Only a fraction of these studies were probability based. For some VOCs, only a small number of building units was represented. Most of the residential studies obtained only short-term samples and no study sampled a given environment more than a few times. Such strategies are dictated by practical considerations but may result in substantial misrepresentations of long-term indoor exposure concentrations and inadequate characterization of peak concentrations. In addition, personal breathing zone exposures which typically were not measured can be substantially higher than indoor area concentrations (Rhodes, 1990) . The predominance of personal exposures was further demonstrated by the U.S. EPA TEAM studies (Wallace, 2001 ). Finally, very few studies measured building ventilation rates, which directly influence VOC concentrations and which may vary substantially with time within buildings.
Comparisons Among Building Types
Concentrations of VOCs emitted by interior building materials are expected to be higher initially in newly constructed buildings. Maximum concentrations of propionaldehyde, pentanal, acetic acid and 1,2-dichlorobenzene were more than three times higher in the new houses. Acetaldehyde, pentanal, and terpenes are emitted by composite wood products used for cabinetry and subfloors (Hodgson et al., 2002) .
Wood products probably also are a large source of acetic acid. Chloroform concentrations were lower in the new houses. This is expected, as these houses were unoccupied except for the final phase of one study (Lindstrom et al., 1995) with little domestic water use, a primary source of this compound. Some of the other lower values of chlorinated hydrocarbons in new houses also may be attributable to the difference in occupancy.
The sources of some VOCs may differ between residences and office buildings. Table 10 compares central tendency and maximum VOC concentrations for office buildings with values for existing residences. Central tendency concentrations of n-dodecane, 1,1,1-trichloroethane, trichloroethene and tetrachloroethene were more than three times higher in the office buildings.
Dodecane is a component of an isoparaffinic solvent that was used in once prevalent wet-process photocopiers (Hodgson et al., 1991) . The chlorinated solvents may be used in various office and janitorial products. The office buildings had lower central tendency concentrations of pentanal, α-pinene, d-limonene, 1,4-dichlorobenzene, and dichloromethane. A lower prevalence of wood products in office buildings versus residences probably accounts for the lower pentanal and terpene concentrations. 1,4-Dichlorobenzene was once widely used in residences as a moth control agent. Maximum concentrations of the seven aromatic hydrocarbons were more than three times lower in office buildings.
Historical Trends
Changes in the production and use of environmentally harmful and toxic chemicals resulting (1986) . Because the measurements were probability based, limited to the U.S., and employed a consistent methodology, they provide a good benchmark for exploring potential historical changes in HAP concentrations. In Figure 1 , the median and GM concentrations from the current review summarized as unweighted GMs are compared with the TEAM study's central tendency concentrations for 17 VOCs from nine studies also summarized as unweighted GMs. The 1,1,1-trichloroethane concentration in the current review is more than three times lower than the TEAM study value. Other compounds that are approximately onehalf order of magnitude lower in the current review are benzene, 1,2-dichloroethane and tetrachloroethene. 
